Abstract-We demonstrate optical wavelength conversion in a multi-mode silicon waveguide using four wave mixing Bragg scattering enabled by a dual-pump CW scheme. The original signal and the generated idler pair excite one spatial mode (first, TE mode), while the two pumps excite a different spatial mode (second, TE mode) of the same waveguide. Our approach exploits the differences in the group velocities of the various supported spatial modes to ensure phase matching only for the desired nonlinear process. In this proof-of-principle experiment, any unintended idlers are generated with an extinction ratio up to 12 dB relative to the phase-matched idlers for a pumps-to-signal-idler-pair wavelength detuning of about 70 nm. The scalability of the scheme to achieve larger and multiple signal wavelength detunings from the pump frequencies is also discussed.
wavelength conversion in a χ(3) nonlinear medium is typically performed exploiting four wave mixing (FWM) processes. Among the various types of FWM schemes, Bragg scattering (BS) enables the generation of either red-shifted or blue-shifted copies of the original signal, I B S,r or I B S,b , respectively, ideally in a noiseless manner [7] , [8] . The frequencies of I B S,r or I B S,b , respectively, are determined by the energy conservation law, i.e. they appear at ω s ± Δω, where ω s is the signal frequency and Δω is the pump-to-pump wavelength detuning as illustrated in Fig. 1 . The arrows indicate gain (up) and loss (down) of the photon energy. As in any FWM-based process, efficient conversion is only guaranteed when phase matching among the interacting waves is satisfied. This is usually achieved by tailoring the waveguide geometry to engineer the group velocity dispersion [9] . In single mode waveguides, efficient BS FWM typically requires the zero dispersion frequency to be in the middle of the spacing between the pairs of pump, and the signal and idler. When integrated devices are used, due to their shorter length scale compared to fiber-based systems, the low dispersion requirements to achieve phase matching are relaxed with many demonstrations reported in literature [4] , [5] , [9] , [10] . Unfortunately, this implies that a variety of nonlinear processes will occur simultaneously and they typically result in undesired interference if wavelength division multiplexing telecommunication signals are to be processed. In [11] this issue was overcome by demonstrating the uni-directionality of the FWM BS process by exploiting the two polarization modes of a single mode birefringent silicon waveguide. In this work, we demonstrate the uni-directionality of the FWM BS process by exploiting 0733-8724 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. the spatial modes of a multi-mode silicon waveguide. The extra degree of freedom given by the capability to carefully excite and control higher order modes in multi-mode nonlinear waveguides offers more options to fulfill the required phase matching [12] [13] [14] [15] [16] . Thus, multiple discrete spectral bands can be simultaneously phase matched, leading to simple scalable and controllable discrete wavelength converters that can be largely detuned from the pump(s) wavelengths by exciting phase matched and dispersion tailored modes of a single multi-mode nonlinear waveguide. One first preliminary demonstration of inter-modal FWM in a multimode silicon waveguide was reported in [17] , where spontaneous and stimulated degenerate FWM between different modes was observed using a high peak power ps-pulse pump source. Herein, we demonstrate, for the first time, intermodal FWM BS in a dispersion engineered multi-mode silicon waveguide using CW pumps. The original signal and the newly generated idler excite one spatial mode, while the two pumps excite a different spatial mode of the same waveguide. Phasematched signal frequency shifts of up to 18 nm are demonstrated for a pump-to-pump spacing of 1 nm with extinction ratios up to 12 dB between the intended and un-intended directions. In this demonstration the signal-to-pump detuning was of the order of 70 nm exciting the TE00-TE10 modes, with our simulations predicting a detuning of up to 500 nm by exciting the TE00-TE30 modes of the same multi-mode waveguide.
II. PRINCIPLE OF OPERATION AND WAVEGUIDE MODELING
Referring to Fig. 1 in our experiment, the two pumps, P 1 and P 2 , were launched into the fundamental TE00 mode, while the signal and the generated idlers were in the first order, TE10, mode. A cartoon of the operational principle of how to achieve phase matched inter-modal FWM for the I B S,r or I B S,b , respectively, is illustrated in Fig. 2 [12] , [13] , [18] , [19] , where the inverse group velocity (v −1 g ) curves of the modes supported in a multi-mode waveguide are shown as a function of wavelength. Phase matching is satisfied when the following equation is (almost) fulfilled:
where β 0 (ω) and β 1 (ω) indicate the propagation constants of the two spatial modes involved in the nonlinear process, 0 and 1, at the frequency ω , respectively, and ω i is the frequency of pump 1, pump 2, signal and red-shift BS idler for i = P1, P2, S and BSr, respectively. Eq. (1) can be conveniently rewritten as:
For small frequency detuning (Δω ≈ 0) Eq. (3) indicates that phase matching is achieved when the derivative function of the propagation constant, which is the inverse group velocity (IGV), in one mode, calculated at ω P 2 , is the same as that in the other mode, calculated at ω S [19] . In other words, any horizontal line crossing the group velocity curves of the various modes illustrates the phase matching across the various modes, see Fig. 2 , giving an idea of the corresponding wavelengths to use. As P 2 is tuned to smaller frequencies (Δω increases), the I B S,r frequency moves in the same direction and an upshifted horizontal line can still be drawn to cross the two v curves are an exact replica of each other. On the other hand, the frequency of I B S,b , which also satisfies the energy conservation law, shifts to greater frequencies as ω P 2 decreases and only an oblique line can be drawn to cross the two v −1 g points at the new corresponding average wavelengths, implying that this process quickly moves away from phase matching. It is worth noting that if it is the frequency of P 1 that is tuned, the opposite discussion applies and it is the I B S,b of the process that is broadband, while I B S,b quickly phase mismatches as the detuning increases.
We initially carried out the modelling of a 1-cm long silicon on insulator (SOI) multi-mode waveguide with a cross section of 5 × 0.22 μm using the FIMMWAVE suite, and the modal properties of the waveguide were calculated using a finite difference method (FDM) solver. The numerical results of the relative group index curves (n g = v possibility to achieve phase matching across multiple discrete wavelength bands, from 1.55 μm up to 2 μm, by exciting the appropriate high order modes.
The efficiency of the inter-modal FWM processes depends (quadratically) on the spatial overlap of the interacting modes Q plm n , where p, l, m and n are the modes that the interacting waves are exciting. If the two first order modes are considered (TE00 and TE10) Q is non zero for the following cases only [20] : r 4 waves in the TE00 mode r 4 waves in the TE10 mode r 2 waves in the TE00 mode and 2 waves in the TE10 mode In our configuration, 2 waves (pumps) were placed in TE00 mode and two waves (signal and idler) in TE10 mode. In this case Q 0101 can be calculated as:
where E 0 and E 1 represent the two mode fields of the corresponding waves (waves in TE00 and TE10, respectively). The calculated Q 0101 for our waveguide was 0.67 μm −2 . On the other hand, the calculated overlap integral for intra-modal FWM processes (four waves in the TE00 mode) was Q 0000 = 1.03 μm −2 , thus the inter-modal process leads to a 33% reduction in Q. We estimate that this translates into a 3.5 dB penalty in conversion efficiency with respect to the intra-modal process (when both process are perfectly phase-matched). By considering the waveguide geometry reported above, we modeled the intermodal FWM process in the silicon waveguide using the split step Fourier method [21] . The intermodal FWM process (as depicted in Fig. 1 ) can be described by the following coupled equations: 
where
z is the propagation direction, α LI N is the waveguide propagation losses (assumed equal for both the TE00 and the TE10 modes), the subscripts 1,2,3,4 indicate the wave involved in the process and Δk is the phase matching term. F θ (θ = 1, 2, 3, 4) takes into account the effect of the TPA-generated free carriers, and it is expressed as:
where N is the free carrier density generated by the pumps (considering an effective carrier lifetime of 5 ns) while σ θ and μ θ represent the free carrier absorption and the free carrier dispersion terms, respectively [22] , [23] . The parameters used in numerical simulations are reported in Table I . The results of the simulation campaign are shown in Figs. 4 and 5. In Fig. 4 we show the TE00-TE10 FWM efficiency as a function of the injected pump power, for different waveguide lengths. Additionally, we report results for two different pump to pump These results reveal that the FWM efficiency increases with the waveguide length, however a saturation is observed when L approaches 1 cm. This is due to the propagation losses value (1.5 dB/cm) that limits the effective waveguide length, thus limiting the efficiency of the nonlinear process. [21] . Fig. 4 also reveals that the phase matching condition is retained, even when the pump-to-pump detuning value is 30 nm (see Fig. 4 -right panel). It is well known that when relatively high-power is used (P > 0.5W) to stimulate nonlinear effects in silicon devices, free carriers generated through TPA strongly limit the achievable FWM as they induce additional losses, further reducing the nonlinear effective length [21] , [24] . As shown in [24] , this detrimental effect can be mitigated by shortening the effective carrier lifetime [24] , [25] . Although our fabrication capabilities did not allow for the realization of p-i-n junction waveguides, we studied the effect that a reduced carrier lifetime would have on the intermodal FWM efficiency. In Fig. 5 we report results for a L = 1 cm -long waveguide, for three different effective carrier lifetime values (5, 0.5 and 0.05 ns). The simulations show that, when high power is injected (≈ 1 W) the FWM efficiency can be increased by 7 dB if τ is shortened of a factor of 100. Given the simulation results reported in Fig. 4 , we selected L = 1 cm as waveguide length, thus providing a good compromise between device compactness and FWM efficiency (see Fig. 4 ).
III. EXPERIMENTAL SET-UP AND RESULTS
The corresponding SOI multi-mode waveguide (L = 1 cm) was fabricated using e-beam lithography followed by a single dry etching step and was cleaved to provide good quality waveguide-access facets. The propagation losses for both the TE00 and TE10 modes, which are the only modes used in this experiment, were measured to be 1.5 dB/cm and the coupling losses were assessed to be of about 7.6 dB/facet and 8.1 dB/facet for the TE00 and TE10 modes, respectively. The experimental set-up used to perform the integrated inter-modal FWM wavelength converter characterization is shown in Fig. 6 . Two C-band CW pump signals were coupled at the input of an optical amplifier (OA) before being free-space coupled via a beam splitter (BS) with a tunable L-band signal. This allowed us to maintain the pumps in the fundamental mode (LP01), while the signal was converted into the LP11 mode using a mode-multiplexer (MMUX) based on a bulk optic phase plate (PP), which shifted the phase of half of the beam front in the transverse plane by π. All the waves were linearly polarized relative to each other and aligned with the TE polarization of the waveguide using polarization controllers and a polarization beam-splitter (PBS). The optical beam was coupled to the waveguide by using a 40x objective, by means of the end-fire coupling technique. The LP01 mode excited the fundamental TE waveguide mode (TE00), while the LP11 mode excited the TE10 waveguide mode, see corresponding inset images of Fig. 6 for their spatial mode distributions after propagation in the waveguide. The beams at the output of the waveguide were coupled back to a single-mode fiber using a second 40x objective and a mode de-multiplexer. In order to de-multiplex the two spatial modes (TE00 and TE10), a second bulk optic PP was placed before the output SM-fiber. The de-multiplexer allowed extinction of either the TE00 or the TE10 optical mode, with a measured modal purity of, at least, 10 dB. Output optical spectra were recorded using an optical spectrum analyzer (OSA). Note that to measure intra-modal FWM, the PPs were removed both at the input and output of the set-up to guarantee that all the signal waves were exciting only the fundamental mode of the waveguide which was then properly coupled into the output SM fiber.
According to our numerical simulations (please also refer to Fig. 3) , phase matching can occur between waves exciting the TE00 and TE10 modes when their wavelength separation is ≈65 nm. To prove this, we initially placed the two pumps at wavelengths of λ P 1 = 1544.75 nm and λ P 2 = 1545.25 nm, respectively, while the signal was tuned from 1580 nm to 1620 nm, limited by our available tunable source. Fig. 7 shows the conversion efficiency as a function of the signal wavelength of the red-shifted idler, for both the inter-and intra-modal FWM processes (blue and red dots, respectively) when a pump power of 70 mW was used. As shown in the figure, inter-modal FWM resulted in up to 12 dB higher conversion efficiency relative to intra-modal FWM, despite the larger nonlinear cofficient of the intra-modal case. This is because phase matching was only satisfied for the inter-modal case at the optimal signal wavelength of λ s = 1608.7 nm, i.e. for a pumps-to-signal detuning of about 65 nm. As the signal wavelength was detuned from its optimum, the conversion efficiency dropped achieving a measured −3 dB half-bandwidth of about 9 nm. Assuming the whole bandwidth to be symmetric an overall −3 dB bandwidth of 18 nm is estimated. The intra-modal FWM results (Fig. 7, red triangles) show relatively constant values as a function of signal wavelength due to the short length of the sample (i.e. showing low net dispersion), with a small increase of efficiency as the signal was tuned closer to the pump wavelengths as the process becomes better phase matched. Fig. 8 shows the signal and the generated idler spectra when a pump power of 120 mW was coupled into the waveguide both for the intra-and inter-modal FWM processes. The measured inter-modal FWM efficiency (phase-matched) was −35 dB for I B S,r and −37 dB for I B S,b (blue line in Fig. 8 ).
The intra-modal generated idlers (showing no phase-matching) were also measured (red line in Fig. 8) , revealing a conversion efficiency of about −45 dB in both the I B S,r and the I B S,b frequencies. The inter-modal phase matching bandwidth was also assessed by measuring the FWM-efficiency as a function of Δω for both the red-and blue-shifted idlers as shown in Fig. 9 . In this case we kept λ P 1 and λ S constant to 1544.75 nm and 1608.6 nm, respectively, while λ P 2 was tuned. As previously discussed the operational bandwidth is not the same for the two processes, with the red-shifted idler generation showing a broader operation bandwidth: its −3 dB bandwidth is 7 nm against 4 nm for the blue-shifted one. This can be very interesting for controlled wavelength conversion, when only one nonlinear process is desirable. In our particular case with a pump-to-pump detuning of 5.5 nm, we obtained a red-shifted idler more than 12 dB stronger that the blue-shifted one as shown in Fig. 9 (insets) . It is also worth noting that much broader bandwidths are to be expected by properly engineering the group index of the two spatial modes such that they are shifted replicas of one another at the wavelengths of interest [14] , or exhibit a mirror symmetry [26] .
IV. CONCLUSION
We demonstrated, for the first time, a dual-pump CW silicon photonic wavelength converter, using an inter-modal FWM BS process. We report a conversion efficiency of −35 dB, between the TE00 and the TE10 waveguide modes, when a pump power of 120 mW is coupled into the waveguide and a pumps-to-signal detuning of 70 nm. When the pump-to-pump detuning was set to 5.5 nm, the red-shifted idler showed more than 12 dB stronger conversion efficiency than the blue-shifted copy. Furthermore, our simulated group index curves predict multiple phase matching bands, spanning from 1.5 μm to 2 μm, if the signal/pumps excite different higher order modes of the same multi-mode waveguide. We note that the overall FWM BS efficiency in SOI is mainly limited by two photon absorption (TPA) and free carrier absorption (FCA) as typically happens in siliconbased integrated devices [4] . We note that in order to meet the requirements of practical applications, higher FWM efficiency levels would be required [27] . As discussed in Sec. 2, a viable option to mitigate the effect of TPA and FCA detrimental effects is to reduce the effective carrier lifetime (see Fig. 5 ). This could be achieved by including a p-i-n junction on the waveguide [25] , allowing the device to operate at higher pump power levels with lower nonlinear losses, thus increasing the achievable FWMefficiency values. Alternative options include the use of other silicon photonics-compatible platforms instead of silicon that are less compromised by TPA and FCA effects, such as those based, for example, on silicon nitride compounds [28] .
